Sixteen different laboratory-type Bunsen burners, sold as suitable for natural gas, were purchased and their limits of operation determined. Eight of the burner were of t he Mek er type, and eight were straight-tube burners. The res ults of the study indicate t he n eed for certain changes in design if satisfactory operating characteristics are to be obtained wit h natural gas.
Introduction
Although the principle of the Bunsen burner has been known for many years, studies of the elements of design leading to the most effective application of this principle are comparatively recent. In 1921 the Bureau issued Technologic Paper 193 [11 / the first American publication on this subject, and for n early 10 years this was the only authoritative data available on the design of burners bf the Bunsen type. Since 1931 additional data have been made available by the American Gas Association T esting Laboratories, the National Bureau of Standards, and other s, but even today the literature on burner design is not extensive. tial dimensions, and although for many h eating operations with certain gases it gives satisfactory p erformance, there are other laboratory requirem ents which are not adequately met by these burners, particularly with nat ural and other slowburning gases.
Most of the r esearch work on burners has been done on those used in domestic appliances such as ranges, water h eaters, cen tral h eating appliances, and space heaters. The manufacturer s of these appliances are, in general, u tilizing the basic design data now available, but many other types of burners on the market do not conform to the dimensions and proportions essential for the most satisfactory p erformance. The average laboratory Bunsen burner does not comply with th ese essen- In 1947 the gas supplied to Washington, D .O., was changed from a mixed manufactured and natural gas of 600 Btu/ft 3 to a straight natural gas of approximately 1,100 Btu/ft. 3 Up to this time very little difficulty had b een exp erienced with th e various makes of laboratory burners, but since the change-over complaints have b een the rule rather than th e exception, even though all the burners currently in use were eith er converted for natural gas or replaced by new burner s advertised as natural gas burners.
The average laboratory burner is inexpensive in comparison with most of t he domestic or commercial burners. In most laboratories it is no t used continuously and many of the h eating applications for which it is used do not require any gr eat range of adjustment. In fact in many cases a knowledge of the rate at which h eat is deliver ed is unimportant. If the gas will ignite and continue to burn and no t require too long a time to perform t he des ired h eating operation, t he burner is satis-factory. There are other uses, however, where it is necessary to supply gas at a definite and uniform rate with an adjustment that produces a hot stable flame. Most of the trouble experienced in the laboratories at this Bureau has been caused by a flame that is not stable when the rate is adjusted for the delivery of a sufficient number of heat units per hour to raise the material being heated to the desired temperature .
• Even if it is known at what rate heat is required, there is little information available that would enable the purchaser to pick out the proper laboratory burner. The catalogs do not usually show the rates for which these laboratory burners are intended, and in some cases where such data are given the burners cannot be used at the indicated rates.
As a result of this lack of information regarding laboratory-type burners and because of failure to obtain satisfactory performance with any of the types on hand, a number of these burners were studied to determine the limits within which they could be used. It was hoped that a correlation of this information with the basic requirements for good burner design would bring out some of the reasons for the poor showing on natural gas and point the way to the changes required for satisfactory operation. Since the composition of the natural gas supply in Washington, D. C., is close to an average of that used in other parts of the country, the results should be equally applicable wherever natural gas is used.
II. Burners Tested
Sixteen different Bunsen-type burners, all advertised as suitable for natural gas, were selected from catalogs and purchased. Of these, eight are straight-tube burners and eight are of the Meker type. These burners are believed to be representative of those most commonly used in laboratory work, and the test results should , therefore, be indicative of the range of operation that can be obtained from laboratory burners in general. Figure 1 shows the eight M eker burners and figure 2 the eight straight-tube burners tested. These photographs show the variations in size and design of typical laboratory burners. The straight-542 tube burn ers are composed of a base into which the orifice is mounted, a straight mixing-tube in which the gas and air are mixed, an opening for the air to enter the mixing tube, and a flame-retainer. The flame-retainer is merely an enlarged annular opening surrounding the main burner port. A small amount of the air-gas mixture is supplied to this annular ring by several small holes connecting it with the main supply in the mixing-tube. The small ring of flame thus formed around th e main burner flame permits a greater range of adjustment of the burner without encountering unstfl ble conditions. The orifices used in these burners are either of the fixed or adjustable type. The fixed orifice is, as its name implies, a fixed opening through which the gas passes. Any change in rate (at constant pressure) is made by removing the orifice and inserting one of a different size. The adjustable orifice is usually composed of a cap with a fixed opening and a tapered needle that can be moved in or out of this fixed hole, thereby changing its size.
!
Like the straight-tube burner, the Meker-type burner has a base, orifice, mixing-tube, air-opening, and burner-head, or port. It differs from the straight-tube burner in that the mixing-tube usually has a constriction, or venturi throat that increases the amount of air drawn into the burner, and the burner-head has a number of small ports in place of the single opening used with the straight-tube burner. The orifice may be either fixed or adjustable. In all of the 16 burners tested it was possible to vary the size of the opening through which room air entered the mixing-tube.
The numbers on the burners in figures 1 and 2 correspond to the burner numbers in table 1. This table gives the type of burner, throat area, port area, and other dimensions of each burner, which will be discussed in connection with the basic design relations in section VIII.
In addition to t esting the 16 commercial burners, an experimental burner was designed and built. This burner was used to determine whether certain fundamental relationships that had previously been established with respect to burners of domestic appliances were equally applicable to burners of the laboratory-type. 
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III. Limits of Operation of a Laboratory Burner
All burners of the Bunsen type are so designed that a portion of the air necessary for complete combustion mixes with the gas before it r eaches the burner port, or pods. This "primary air" is injected into the burner by the momentum of the gas flowing from the orifice and enters the burner through the air openings located at the base of the mixing-tube. The additional air required is secured from the atmosphere surrounding the flame and is termed "secondary air." Gas of a definite composition requires a definite volume of air to burn each volume of gas, but the type of flame produced depends upon how much of the total air required is introduced as primary air. A low primary air causes a "lazy" flame, which is not sharply defined. As the primary air is increased the flame becomes smaller in volume and more clearly defined or "harder" in appearance. The same total heat is produced as long as the gas rate remains constant, but the higher the primary air the more concentrated this heat becomes. depends on the intensity of the flam e, that is on the liberation of much heat in small volume [2] . For any given burner, however, there is a limit above which an increase in primary air causes the flame to become unstable and either lift away from the ports or flash back into the burner, depending upon the gas rate and the composition of the gas used. Natural gas gives very little trouble from flash-back but is particularly susceptible to lifting. Similarly, if the primary air is decreased, a limit is reached below which the color of the tip of the inner cone becomes yellow. This results from the formation of finely divided incandescent particles of solid carbon that are present because the oxygen in the primary mixture is insufficient to carry the oxidation of all the carbon of the hydrocarbons in the fuel gas as far as carbon monoxide. Another limit to satisfactory operation is also encountered in the Meker type of burner where the burner head is composed of a number of closely spaced ports. In this type of construction, no secondary air r eaches the vicinity of the inner ports. Secondary combustion is an important factor in preventing the "lifting" of the primary flame. As the primary air is reduced on
a burner of this type, a point is reached at which the inner cones begin to lift off the individual small ports and merge into larger and longer inner cones. A flame of this kind is much less effective for most purposes for which the Meker burner is used. This condition will be referred to in what follows as a smothering limit and is reached on the Mekertype burner at highel' primary air rates than the yellow tip limit. Lifting, flash-back, yellow-tip, and smothering of the flames are all conditions that prevent the proper application of heat. Lifting, flash-back , and smothering may result in the escape of unburned gas and carbon monoxide, whereas a yellow-tip condition causes a carbon deposit on the material being heated, and may also be accompanied by incomplete combustion.
All four of these conditions result in a 10 of heat.
It therefore follows that a satisfactory laboratory burner is one that is capable of operating within these limit over the entire range of gas rates required.
IV. Method Used for Determining Limits of Burner Operation
In order to determine the conditions under which the limits of operation are found, each burner was installed so that both the gas rate and the supply of primary air could be varied as desired, and the rates of flow of each could be accurately determined. Figure 3 shows the apparatus used for the e tests . 2 With a burner installed in such an apparatus and burning gas at a constant rate, tbe primary air was increased until the flames ei ther lifted from the ports or flashed back into the bm-ner. When this condition was obtained, the proportion of air in the primary mixture was de termined. The primary air was next decreased until yellow appeared in the flame , and the proportion of air in the primary mixture was again determined. When testing each of the Meker burners another setting of primary air was made, so that the inner flame cones were no longer stable on the individual ports and were beginning to merge and elongate. The ratio of primar:} air to gas where this condition was obtained was also determined. The gas-rate was then changed and the same procedure repeated. This process was continued until a series of tests had been made that covered the desired range of gas rates or until the points obtained indicated that other rates could not be used because they fell outside the limits of operation. The results obtained were plotted, using as the coordinates, "gas rate: thousands of Btu per hour" and "primary air: percentage of the total air required." Figure 4 represents the position of the boundaries of the regions in which lifting, smothering, and yellow-tips were obtained with Burner 1, a NIeker-type burner. The small circles with short lines pointing upward represent conditions under ' A detailed description of this a pparatus is given in the appendix of [3] .
FI GU RE 3. Apparatus used to study the pelj01'1nance of gas burners .
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6. which the flames were observed to lift; those with the short lines pointing downward represent conditions under which yellow-tips first appeared in the flames; and the crosses represent conditions under which smothering of the inner flames occurred. As mentioned previously, flash-back is not usually encountered with the average burner with natural gas and was not found to be a limiting condition with any of the laboratory burners tested. Any adjustment of primary air which falls above the lifting curve or below the smothering curve will produce an unstable or unsuitable flame, whereas any air adjustment that falls below the yellow tip curve will produce carbon and be otherwise unstat.isfactory.
With the Meker-type burner it is therefore necessary to adjust the burner so that the primary air setting falls between the lifting and smothering curves. In the case of a single-port burner, there is no smothering limit so that the adjustment is made between the lifting and yellow-tip limits. It will be observed that the lifting curve and the smothering curve obtained with burner 1 intersect at a gas rate of 11,600 Btu/hr. This rate is, therefore, the maximum that could be used 546 without encountering one of these limits. A rate somewhat less than 11,600 would have to be used in order to obtain a primary air setting that would produce a stable flame.
Having located the position of the limits of operation of a burner, the next st,ep is to determine how much of this stable range can actually be utilized when the burner is operated normally.
V. Normal Air Injection
In the determination of the limits of operation the orifice used was unimportant, because the primary air was forced into the burner. It was merely necessary to use a size that would allow the gas to pass at the desired rate under the range of gas pressures available. However, when an appliance is installed for use, the primary air is drawn into the burner by the energy of the gas stream iSRuing from the orifice, and the amount thus injected depends in part upon the size of the orifice. When using any given rate of gas supply the amount of air injected increases as the size of the orifice is decreased, higher pressures being necessary, however, to maintain the given rate. For the greatest range of usable gas rates it was therefore necessary to determine the largest orifice that could be used with each burner and still obtain an air injection that would produce a stable flame. For this determination the burner was connected to a source of gas supply only, the air-mixer being left open to the air of the room. When an air shutter was provided, it was set in its wide open position. If the burner was supplied with .an adjustable orifice, it was set by means of the needle so that the maximum gas rate possible was obtained without encountering any of the limiting conditions. This setting was made at the highest gas line pressure available, which in these tests was 6 in. of water pressure. If the burner was supplied with a fixed orifice, several different sizes were tried until the one was found that would allow the highest gas rate with a stable flame. Once this condition was found , the proportion of air in the primary mixture within the burner head and the gas rate were determined. Without any further change in orifice adjustment, other points on the normal injection were found by varying the line pressure. These points were then added to the plot showing the limiting curves. " i'-,.,
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GAS RATE . TH OUSAN OS OF 8TU PER HOUR Laboratory Burners for Natural Gas 834349-4.fl--2 Considering only the lifting and smothering limits, it should be possible to use this burner at gas rates up to 11,000 Btu/hr. (maximum stable gas rate 11,600), but to do so would require a primary air injection of between 80 and 86 percent. In each case the maximum stable gas rate as determined by normal operation is much less than the rate that could be obtained, provided it was possible to obtain higher air injections with an orifice capable of passing these higher rates .
Except for burner 9, which is considerably larger than any of the other burners, the highest usable gas rate is 8,200 Btu/hr. This rate is sufficient for many heating operations but is not high enough for all. VV e believe these burners should be capable of giving stable flames up to at least 10,000 Btu fhr in order to cover the range of Btu rates required for normal laboratory work.
VII. Results Obtained with Straight-Tube Burners
The burners shown in figure 2 are all classed as straight-tube burners. Limiting curves were obtained with each of these burners in a manner similar to that uscd for the eight Meker types, except that with these burners there is no smothering limit. Figure 6 shows the position of the lifting and yellow-tip limits and the normal air injection with burner 5. This burner has a fixed orifice of a No. 57 drill size (0.00145-in.2 area). The highest gas rate that is possible with this orifice and the maximum 6-in. line pressure is 6,720 Btu/hr, and the air injection obtained was 50 percent of the total air required for complete combustion. The flame produced was stable and fell within the limits of lifting and yellow tips but was soft in appearance and was suitable for few heating applications. On most domestic appliances it is rarely desirable to produce very high temperatures of the objects heated, and the intensity of the flame is usually unimportant. Any condition of operation that results in complete combustion between the limits of lifting and yellow-tips is nearly equally satisfactory. In contrast, since laboratory 548 burners are used for igniting crucibles and other purposes for which intense flam es are needed to produce high temperatures, the highest percentage of primary air practicable without causing lifting is desir ed. At least 70 percent of primary air should be obtainable. In order to obtain such an air entrainment with this burner, it was necessary to reduce the size of the orifice to a No. 68 drill. This resulted in an air injection of 74 percent but reduced the maximum gas rate obtainable at the 6-in. pressure to 3,360 Btu/hr. We believe it would be desirable for burners of this type to be capable of producing a hard well-defined flame at rates up to at least 5,000 Btu/hr. A study of figure 6 indicates that a rate of 5,000 Btu/ hI', with a 70-percent air injection would be a stable setting, since this adjustment falls below the lifting curve. Actually the maximum rate at a 70-percent air injection would be the intersection of the 70-percent air line with the lifting curve that occurs with this burner at a rate of 5,300 Btu/hr. The air injecting power of this burner is not sufficient, however, to obtain a 70-percent injection with an orifice capable of giving a rate of 5,300 Btu/hI' with the 6-in. gas pressure available. It· is evident that this burner needs some modifica-tion in order to accomplish such a result with natural gas. Table 3 shows the maximum stable rate for each of the straight-tube burners tested. This rate was determined from the curves obtained with each burner by noting the intersection of the 70-percent air line with the lifting curve. The highest rate obtainable with each burner when operated normally is also shown. This wa s obtained by determining the gas rate delivered at a 6-in. pressure when using an orifice that would give at least a 70-percent fLir injection.
This tablc shows that all of the burners with the exception of 18 give usable rates below 5,000 Btufhr on natural gas. Burner 18 is a larger burner than the others, and according to the data in the manufacturer's catalog should be capable of operating at a rate of 13,000 Btufhr.
This shows that the average . straight-tube burner, like the NIeker burner, must be redesigned if a range of usable mtes higher than can now be obtained is req uired.
VIII. Basic Data for Burner Design
Research conducted on domestic atmospheric burners has shown that if optimum performance of the burner is to be obtained certain dimensional relationships must be adhered to.
Those factor that are of importance to the operation of a laboratory burner are discussed below.
1. Port arecL.-Previolls work has shown that there is a definitc relation between the port area and the maximum rate at which gas can be burned. It is also known that the maximum rate per square inch of port area is different for gases of different composi tion . For example, the port area required to burn natural gas at a definite Btu rate is greater than for manufactured gas because of the greater tendency of the natural gas flames to lift. Consequently, if the same burner were used on both gases without any change of port area, it would not be possible to obtain a stable flam e with natural gas at as high a Btu rate as could be obtained with one of the manufactured gases. This varia,tion in rate for equal flame stability is indicated by the following figures, which were determined in studies of range burners. Laboratory Burners for Natural Gas However, port area and gas composition are not the only factors that determine thc position of the limiting curves of a burner. Two burners may have the same total port area but one may have a single opening, as is the case with a straighttube burner; the other may have a number of smaller ports. These two burners would not have the same limits of operation and would therefore not be likely to have the same limit of usable gas rate. The heat transfer from the burncr tube to the gas mixture, the uniformity of mixing of the air and gas within the burner, and the spacing of the ports are also conditions thfLt influence the position of the limits of operation. All of the range burners used in determining the maximum rates given above were similar in design, whereas the ] 6 laboratory burners used in this study have wide differences in their construction. Because of this variation in design there is no certainty that t he same relation between port area and rate would be obtained as with the range burners nor that the various laboratory burners would all give the same result. One of the Meker burners was supplied with three heads of different size, having port areas of 0.54, 1.02, and 2.07 in. 2 respectively. Limiting curves were determined for each of these burner heads, and the maximum Curve determined with burner 6.
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) stable rates were determined for each by the intersection of the lifting and smothering curves. These three rates were then plotted against the corresponding port area and give the curve shown in figure 7 . This curve gives a straight-line relationship between the port area and the maximum stable rate and indicates that this burner should be capable of burning 12,000 Btujhr per square inch of port area. Assuming that data of a similar nature, if it could have been determined on the other Meker burners, would have also given straight lines, the results on the other seven burners were calculated to a basis of 1 in. 2 of port area with the results shown in table 5. It is evident that the maximum rates calculated for these burners, all based on 1 in. 2 of port area, show considerable variation. If the relationship shown above is also applicable to the laboratory burner, then the Meker burner should have a 1-in.2 port area for the rate of 10,000 Btufhr previously assumed to be necessary, and the straight-tube burners should have a port area not less than ~ in. 2 in order to produce 5,000 Btujhr.
N one of the burners tested could be used at rates as high as the limit set by lifting and smothering. On the average, the maximum usable gas rates with the eight Meker burners were limited by poor air injection to about 60 percent of the maximum rate as determined by the limiting curves. This is because normal operation depends on factors in the design of the burner that do not enter into the determination of the limiting curves. Such conditions as the shape of the mixing-tube, the type and position of the orifice, and the pro vi-550 sion for entrance of primary air all affect the air injection that can be obtained and therefore have a part in determining the maximum usable gas rate.
An average of the results shown in table 5, exclusive of burner 9, gives a rate of 17,614 Btujhr. Sixty percent of this is a rate of 10,.568 Btujhr. It therefore seems reasonable to assume that a Meker burner properly proportioned should be capable of burning gas at the rate of at least 10,000 Btujhr per square inch of port area.
Treating the data obtained on the straight-tube burners in a somewhat similar manner, the results indicate that a burner having a port area of 0.1 in. 2 should allow a rate of 3,350 Btujhr. In order to burn gas at a rate of 5,000 Btujhr it would be necessary to use a port area of 0.15 in. 2 or a tube of at least Yts-in. inside diameter. Only one of the eight straight-tube burners has a port area as large as this. Burner 18 has a port area of 0.296 in. 2 and should be capable of burning gas at a rate of approximately 10,000 Btufhr if figured on this same basis. The maximum usable rate with burner 18 was 10,667 Btujhr.
2. Throat area.-In order to obtain maximum air injection with a Meker-type burner it is necessary to constrict the mixing-tube at a point just beyond that at which the primary air enters. This constriction, or venturi, increases the velocity of the gas-air mixture passing this point, which in turn increases the suction that draws air into the burner at the primary air openings. It has been determined that a ratio between this throat area and the port area of 40 percent gives the highest air entrainment. This ratio is not too critical but should be held between 35 and 45 percent. Since this relationship was determined on work with domestic burners, it seemed desirable to verify it for a laboratory-type burner. For this work a straight tube was obtained that would fit the burner top having a port area of 2.07 in. 2 The lower end of this tube was made to fit one of the burner bases and provided with sufficient primary air openings so that when the air shutter was wide open there was ample area for the entrance of air. Five brass inserts with throat areas of 20, 30, 40, 60, and 83 percent of the port area were made so that t,hey could be inserted into the straight mixing-tube. This experimental burner and four of the five inserts are shown in figure 8 . The air injected with each of these five inserts was determined at a 6-in. line pressure for each of five different sized onfices. Two series of tests were made; one with the gas burning or the burner hot, and one with the gas unlighted or the burner at room temperature. The room-temperature tests had the advantage of being able to cover a greater range of gas rates without being limited by lifting and flash back. The air injection obtained with the burner cold was higher than when the burner was hot, but both series indicated that with a burner of the 
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Meker type the 40-percent throat gives the highest air injection. The results determined with the burner at room temperature are shown in figure 9. These curves also verify the previous findings that small variations from a 40-percent ratio of throat to port area have a small effect upon the air injected, although the change in air injection becomes more pronounced as the gas rate is decreased. For the Meker-type burner it therefore follows that the throat area should be approximately 40 percent of the port area in order to obtain the highest air injection with whatever orifice size is used. That this optimum relationship is not followed in all of these burners is apparent from the following table. The straight-tube burners have no venturi throat and studies of air entrainment in straight tubes [4] have shown that for this type of burner a venturi does not increase the amount of all' entrained.
3. Primary air opening.-.Work conducted by the American Gas Association Testing Laboratories on the amount of opening that should be provided for the admittance of primary air resulted in the conclusion that the minimum opening should be 1.25 times the total port area for burners that would operate normally at less than 70-percent air entrainment. For primary air injection greater than 70 percent, an opening of 2.25 times the total port area is recommended. It seemed desirable to verify these results on the laboratory-type burner . For this purpose the experimental burner with the 40-percent throat was used. Gas at 6-in. pressure was supplied to the burner at a constant rate through one of a series of fixed orifices, and air injection tests were made at various known primary air openings starting with the air shutter wide open ann decreasing this opening by small increments until a definite decrease in air injection was observed . Similar tests were made at other gas rates by substituting other orifices until a sufficient range of rates was covered . These results are shown in figure 10 , in which the primary air injected is plotted against the air-shutter opening in percentage of port area. These data verify the American Gas Association figure and indicate that the primary air opening should be at least 2.25 times the port area. Any decrease below 2.25 reduces the maximum air that can be injected by the burner regardless of the gas rate used. Table 7 shows the ratio between the primary air opening and the port area for the 16 burners tested. Only five of these burners have a sufficient opening for primary air if we consider a ratio of 2.25 as the minimum that should be provided. In fact, the lack of adequate air opening alone is sufficient to account for the poor showing of some of these burners .
4. Distance between throat and gas orijice.- Studies by the gas utilization laboratory at this Bureau and other investigators show that it is necessary to place the orifice at a correct distance from the throat of the burner if optimum air injection is to be obtained. A decrease in air entrainment results if the orifice is either too far away or too close to the throat. The present studies indicate that the best results are obtained if the orifice is located about two throat-diameters away from the throat. Results observed by other laboratories show optimum conditions to be obtained between 0.5 and 2.0 throat-diameters away, depending upon the size of the throat used. For laboratory-type burners the distance should be kept between 1.0 and 2.5 throat-diameters. It is also necessary to have the orifice properly centered with respect to the mixing-tube . If the stream of gas is direc ted toward the walls rather than the center of the mixing-tube, the air entrainment is greatly reduced. Proper centering and also proper drilling of the orifice are therefore essential. Of equal importance, in this connection, is the travel of the needle in an adjustable orifice. It should be accurately centered with respect to the orifice from the fully open to the completely closed position. 5. Length and shape oj the mixing-tube.-When a gas under pressure issues from an orifice, the momentum of the gas causes the surrounding air to be set in motion in the direction of the gas stream. Because of the velocity of this gas stream, eddy currents are set up in the surrounding air. The principal function of the mixing-tube is to complete the mixing process as rapidly as possible, permit the turbulence to die out, and to supply the burner ports with a uniform mixture of air and gas. The length and taper of the mixer beyond the throat should be such that the air-gas mixture expands gradually without sharp changes in diameter or direction that would maintain or produce turbulence until thf' "velocity head" at the throat has been largely converted into a " pressure head." The length of the mixing-tube should be at least six times the throat-diameter. The outlet from the throat should increase gradually, and the inlet for primary air should be such that the change in direction of flow of primary air is as gradual as possible. The best results are also obtained if the inside of the burner is smooth. Sharp changes in direction and roughness increase resistance to flow and result in a lower injection of primary air. Additional length of the mixingtube beyond six tlu'oat-diameters may be used, but the resistance to flow also increases as the length increases; and this will cause a reduction in primary injection if carried too far.
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6. Burner temperature.-A cool burner has a higher air injection than a hot one, other things remaining equal. It is therefore advantageous to build the burner so that the heat is dissipated to the room rather than to the mixture of air and gas passing through the burner. A burner having a head temperature of 500° F has an air inj ection from 2 to 8 percent less than that of the same burner operated at room temperature. It has been shown that temperature causes a greater reduction in primary air injection in burners having long-or small-diameter mixing-tubes than in those having greater diameters or shorter tube lengths. It is also desirable to keep the weight of the metal used at a minimum.
It is believed the use of radiating fins on the Meker-type burners would tend to reduce the over-all temperature and thus increase the air \' entrained. On these burners, when adjusted for a sharp intense flame, the hottest part of the flame is very close to the metal of the burner head and results in a greater heating of the burner than is the case with the single-port burners.
IX. Results Obtained With Two Burners Modified to Comply With Basic Data
To verify the accuracy of the relationships that appeal' to be required for the satisfactory operaLaboratory Burners for Natural Gas tion of a laboratory burner, 2 of the 16 burners were rebuilt to comply with these dimensions.
The port area of bUTner 16, a straight-tube burner , was increased from 0.13 to 0.1 5 in. 2 by drilling out the mi;.,.' ing-tu be and flame retainer. The primary air opening was increa ed from 0.1816 to 0.3375 in. 2 (2.25 times the port area), and the orifice cap was plugged and redrilled with a No. 62 drill. When the burner was recei~ed from the manufacturer the orifice cap was drilled with a No. 51 drill , whi ch delivered entirely too much gas when wide open. A No. 62 drill passes 5,000 Btu/hr at a 6-in. pressure without the use of the needle . This results in a much higher air injection than was possible with the No. 51 orifice and still permits the needle to be used to obtain lower rates of gas flow.
The effect of these changes on the limi ts of operation and normal air injection is illustrated in figure 11 . The curves marked by circles show
. . I~ the normal air injection and limits of operation that were obtained with the burner as received . The highest rate that could be obtained and still i:'nject sufficient air to give a reasonably hard flame was 2,260 Btuflu·. Even with this rate the highest air entrainment was only 59 percent, which is on the soft side. In order to obtain a 70-percent air entrainment it was necessary to reduce the rate to 1,586 BtuJhr. It will be seen from the shape of this curve that the air entrained is reduced with each change of pressure below 6 in. The curves marked with a square show the results obtained after the changes described above were made. With these modifications it is possible to obtain a primary air injection of more than 70 percent at any pressure above 1 in. of water, and the maximum gas rate is increased to 5,160 BtuJhr. It will also be observed that changes in pressure have little effect upon the air injection; the curve remains practically horizontal until pressures below 3 in. are used. Increasing the port area also improves the burner from the standpoint of both lifting and yellow tips as can be seen from the position of the two lifting and yellow-tip curves. It is therefore apparent that changing this burner so that the basic requirements are met not only improves the air injection but also increases the range of air entrainment within which the burner can operate without encountering a limiting condition. The modified burner can be satisfactorily operated at more than double the former , usable gas rate. This is also illustrated in figure  12 , which shows the comparison between the flame produced on the modified burner and that obtained on a duplicate burner used as received from the manufacturer. Both burners are adjusted so that gas is being burned at a rate of 5,000 BtuJhr. The flame on the modified burner is well aerated and hard in appearance while the flame on the burner on the left is soft in appearance and is not suitable for any operation where the application of intense heat is required.
Burner 6, a Meker type, was also changed so that its dimensions corresponded with the basic requirements. In this case the port area was not changed since it was already 1 in. 2 The throat of this burner: was too small, however, being only 29.6 percent of the port area, and the primary air opening was only 0.92 instead of 2.25 in. 2 A new mixing-tube with a 40-percent throat and an air opening of 2.25 in. 2 was made. A No. 55 fixed orifice, the size to pass 10,000 Btufhr at a 6-in. line pressure, was used. The results before and after these changes are shown in figure 13 . The position of the limiting curves would remain the same, b ecause no change was made that would affect either lifting, smothering, or the appearance 554 of yellow-tips. The normal air-injection curve marked by circles was obtained with the burner as received and indicates that a No. 56 orifice is the largest size that can be used and still have a normal air injection that is in the stable region. The highest rate that could therefore be used with The normal inj ection curve marked by squares shows the normal air injection obtained with a No. 55 orifice after the changes were made. This is a larger orifice and delivers 10,000 Btufill· at a pressure of 6 in. It will also be observed that the ail' entrainment is higher than was obtained with the smaller orifice before the modifications were made. The flame produced is stable at all pressures, and the burner is now usable at a gas rate 22 percent above its fermer maximum. This medified burner was alsO' cempared with a similar unmedified burner using prepane as the fuel gas. Beth burners were adjusted fer the highest stable rate at a pressure ef 11 in. ef water.
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The largest erifice that ceuld be used with the unmedified burner was a NO'. 63 , which gave 9,870 Btu/hr.
The medified burner having the preper threat size and primary air epening was capable ef producing a stable flame with a NO'. 59 erifice, which delivers gas at the rate ef 13,000 Btu/hr.
x. Summary
Sixteen laberatery burners were included in this investigatien, eight of the Meker and eight ef the straight-tube type. Each burner was tested, and the limits within which it ceuld be satisfacterily used were determined.
The average Meker burner ceuld net be used at a rate abeve 6,363 Btu/hr en the natural gas distributed in Washingten, D .O., whereas the Laboratory Burners for Natural Gas average usable rate with the straight-tube burners was enly 2,781 Btufhr. A survey ef th e varieus heating eperatiens fer which a laberatery burner is used indicated that the M eker-type burner sheuld be capable ef preducing a het stable flame up to' 10,000 Btu/hr, and the straight-tube burners sheuld be usable at rates up to' 5,000 Btu/hr.
A cemparisen ef the dimensiens ef the~e 16 burners with the fundamental relatiens fer geed burner eperatien brings out three majer reasens fer their unsatisfactery eperatien on natural gas.
(1) Too $mall a port area.-A Meker burner sheuld have ft.t least 1 in. 2 ef free pert area in erder to' deliver as much as 10,000 Btu/hr. A study ef table 2 indicates that enly twO' ef the eight Meker burners tested were as large as 1 in. 2 Frem the results ebtained en the straight-tube burners a pert area ef at least 0.15 in. 2 sheuld be used if rates up to' 5,000 Btufhr are desired. Only ene ef the straight-tube burners had a pert as large as 0.15 in. 2 (2) improper throat size.-Results beth frem this study and these cenducted by ether investigaters shew the need ef a threat having an area equal to' 40 percent ef the pert area, if eptimum air entrainment is to' be ebtained with a Mekertype burner. Mest ef th ese burners were unable to' inject eneugh air to' give a satisfactery flame with an erifice ef adequate capacity. As shewn by table 6, enly three of the Meker burners had threats clese eneugh to' the 40-percent requirement to' appreach eptimum conditiens.
(3) insufficient primary air opening.- Figure 10 illustrates the need fer an air epening equal to' at least 2.25 times the pert. area in erder to' insure a sufficient epening fer the entrance ef primary air. A burner may be designed with sufficient pert area and the preper venturi throat to' inj ect a high percentage ef primary air but be prevented frem deing sO' because ef tee small an epening fer the air to' enter the mixing tube. Of the 16 burners tested, enly 5 had a ratiO' ef air shutter epening to' pert area as large as 2.25.
In additien to' the three facters given abeve, use ef the preper erifice size is equally impertant. Seme ef the burners were equipped with adjustable erifices, which when used with the needle backed eut gave entirely tee high a gas rate fer pre per eperatien. By using the needle the rate ceuld be reduced to' the desired ameunt, but sO' much of the erifice was blecked by the needle when this condi tion was obtained that the all' inj ection was impaired , It is much better to use an orifice size that will give the maximum rate desired when used in its wide open position and use the needle only to reduce the rate below this maximum, This will insure the maximum air ent.rainment from the standpoint of orifice size because the smaller the orifice the higher the percentage of air entrained. If a fixed orifice is used, it is obvious that the size should be the proper one for the maximum rate desired. In addition to the need for more care in the size of the orifices supplied with these burners, more attention should also be given to their assembly. The orifice should be centered with respect to the mixing tube and drilled so that the gas emerges in a vertical stream. The adjustable needles should also be accurately centered with resp ect to the orifice and stay centered as they are turned from one position to another.
The distance between the throat and the gas orifice, the length and shape of the mixing tube, and the temperature of the burner are all factors that affect the operation of a burner and should be given some consideration.
Two burners, one a straight-tube and the other a Meker type, were modified so that they complied with the basic requirements that appeared to be necessary from the results of our studies. These modified burners were retested and found to be greatly improved, both were capable of satisfactory operation over the range of gas rates desired.
It is believed that the use of these basic data by the manufacturers of laboratory burners would greatly improve this type of appliance and elim-556 inate the dissatisfact ion which is now so evident wher e natural gas is distributed. A burner properly designed for natural gas should also give satisfactory performance with liquefied petroleum gases by merely substituting the proper orifice size.
